Abstract Genetically modified Bacillus thuringiensis Berliner (Bt) maize (Zea mays L.) expressing Cry toxins against various target pests is now grown on more than 16 million hectares worldwide, but its potential effects on the soil ecosystem need to be further investigated. In an 8-month field study, we investigated the effects of Bt maize expressing the Cry1Ab protein on both the soil community and maize residue decomposition. We used litterbags with three different mesh sizes (20, 125, and 5,000 μm) to investigate potential effects of different soil organism groups on the decomposition processes. Litterbags were incorporated into the soil in fall into a field that had previously been planted with non-Bt maize and subsamples were removed monthly. The dry weight of the remaining residue was measured for all bags. Bt and non-Bt maize decomposed similarly in large mesh bags, which allowed the whole soil organism community to enter and interact with each other. In contrast, Bt maize decomposed significantly faster than non-Bt maize at some sample dates in winter in bags with small and medium mesh sizes. At the end of the experiment in late spring, however, there was no significant difference in the amount of maize plant residues remaining for any of these three mesh sizes. Additionally, soil organisms from bags with the largest mesh size were identified. The most frequent taxa extracted were collembolans (Isotomidae, Tullbergiidae, Entomobryidae), mites (Gamasina, Oribatida), and annelids (Enchytraeidae). Three of these taxa were extracted in higher numbers from non-Bt than Bt residue (Tullbergiidae, Gamasina, Enchytraeidae), while there was no difference in the number of individuals extracted for the remaining three taxa. Our results do not show major changes in the decomposition of Bt maize residue and in the composition of the soil organism community. However, further studies are needed that assess the impact of the continuous release of Cry1Ab via root exudates and plant biomass on the soil ecosystem.
Introduction
Transgenic Bacillus thuringiensis (Bt) maize plants expressing toxins against lepidopteran (Cry1Ab protein) and/or coleopteran pests (Cry3Bb1) contain one or two genes that originate from gram-positive Bacillus thuringiensis bacteria strains. Although B. thuringiensis strains have been detected in soils from all over the world (DeLucca et al. 1981; Ohba and Aizawa 1986; Martin and Travers 1989) , their ecological role is still unclear. Smith and Couché (1991) hypothesized that the bacterium is a natural component of the phylloplane microflora that has evolved in a symbiotic or mutualistic association with plants to provide protection against herbivores. Addison (1993) suggested that B. thuringiensis protein production might have evolved as a defense against invertebrates feeding on bacteria or potential microbial competitors in soil and he presented evidence that several groups of taxa with representatives in the soil fauna, such as earthworms (Smirnoff and Heimpel 1961; Atlavinyté et al.1982) , nematodes (Bottjer et al. 1985; Meadows et al. 1990 ) and mites (Oatman 1965; Chapman and Hoy 1991) , are indeed susceptible to B. thuringiensis. Many of these studies focused on organisms of economic importance. Since most studies were done with Bt strains or Bt sprays that produce a mixture of different toxins, it is unclear whether the toxicity of B. thuringiensis found in these studies is mostly due to a specific toxin or a combination of them. It is therefore necessary to specifically investigate the impact of transgenic plants expressing one or two toxins on non-target soil organisms and the soil ecosystem.
Directional changes that take place in the soil ecosystem often cannot be directly observed and it may take years or decades before they become evident. In the soil ecosystem, the detection of ecological consequences of Bt maize cultivation is difficult because sampling is time consuming and there is high variability among samples. However, it is now known that Cry1Ab protein from transgenic Bt maize can enter the soil via plant residues after harvest, roots exudates, and deposition of dead plant material, such as leaves and pollen. During plant growth Cry1Ab is released by roots and persists at least until the occurrence of the first frost (Saxena et al. 1999; Saxena and Stotzky 2000; Saxena and Stotzky 2001b) . The main source of Bt proteins entering the soil is most likely via plant residues, as 2 to 6 tons of residue per hectare are left on the field after harvest (Zscheischler et al. 1984) , and the Cry1Ab can persist in the plant matrix for at least 2 years after sowing (Zwahlen et al. 2003a b; Hasselmann et al. unpublished data) . Cry1Ab proteins have also been found in leachates from soils that were amended with Bt maize biomass up to 3 years earlier (Saxena et al. 2002; Saxena and Stotzky 2003) . These results suggest that soil organisms associated with the decomposer food web are likely to be exposed to Cry1Ab from transgenic maize. Although it is still unknown for many soil organism groups whether they are exposed to Bt from transgenic maize, it has been shown that adult carabid beetles in fields containing 7 to 10 month old Bt maize residues had taken up the Cry1Ab (Zwahlen and Andow 2005; Hasselmann et al. unpublished data) . Dissemination of Cry1Ab in the soil food web is therefore likely. If indeed such exposure of soil invertebrates occurs, direct effects of Bt proteins on them cannot be excluded.
Because soil invertebrates have an integral role in maintaining and shaping microbial activity and community structure, contribute significantly to decomposition and nutrient cycling, and are important mediators of food web stability (Moore et al. 1988) , it is important to investigate the impact of Bt maize on them. While several studies did not find any adverse effects of Cry1Ab Bt maize on soil organisms such as bacteria, protozoa, nematodes, collembolans, woodlice, and earthworms (Sims and Martin 1997; Escher et al. 2000; Saxena and Stotzky 2001a; Heckmann et al. 2006) , other studies have shown adverse effects of Bt maize on some life history traits of woodlice (Wandeler et al. 2002) , earthworms (Zwahlen et al. 2003b; Vercesi et al. 2006) , carabid beetles (Meissle et al. 2005 ) and nematodes (Griffiths et al. 2005) . It often remains unclear whether such effects on non-target organisms are due to the toxicity of the Cry1Ab, pleiotropic effects resulting from the genetic transformation (e.g., Donegan et al. 1995; Stotzky 2001c, Turlings et al. 2005) , prey-mediated effects, or some combination of these. Such effects may influence decomposition processes and hence nutrient cycling (Fierer et al. 2005) .
Laboratory and greenhouse studies on the decomposition of Cry1Ab Bt maize have found that Bt maize either decomposes at a similar rate or more slowly than non-Bt maize (Hopkins and Gregorich 2003; Castaldini et al. 2005; Flores et al. 2005; Raubuch et al. 2007) . Slower rates of residue decomposition can result in nutrient limitations for primary producers and decreased nutrient cycling. The accumulation of plant residues in the soil might cause a longer persistence and subsequent accumulation of Cry1Ab protein, thereby enhancing the probability of exposure for non-target soil organisms (Saxena and Stotzky 2001c) . On the other hand, slow residue decomposition might also lead to a higher accumulation of organic material in the soil, which can improve soil structure and reduce erosion (Gisi et al. 1997; James et al. 1998) .
Studies on the decomposition of Bt maize should include larger soil invertebrates, such as earthworms, millipedes, and isopods, since these larger organisms are known to process large amounts of dead plant material, thereby greatly impacting nutrient cycling in many ecosystems. In our 240-day field study, we allowed larger invertebrates to access the maize residues in some treatments. We examined if Cry1Ab Bt maize residue affects the soil invertebrate community and residue decomposition. The near isogenic non-Bt maize hybrid was used as a comparison. We used litterbags with three different mesh sizes to physically exclude soil organisms of increasing size ranging from (1) microorganisms, meso-and macrofauna; (2) microorganisms and mesofauna; to (3) mainly microorganisms. This technique allowed us to determine the effect of Bt maize on the soil organism community as a whole, on microorganisms and the mesofauna, and on microorganisms alone. Specifically, our hypotheses were: (H1) Fewer soil organisms will be extracted from litterbags containing Cry1Ab Bt maize residue than containing non-Bt maize residue, and (H2) Cry1Ab Bt maize decomposes at a slower rate than non-Bt maize, thus indicating direct or indirect effects of Bt maize on soil invertebrates that play an important role in the decomposition process.
Materials and methods

Plant residues
Two maize (Zea mays L.) hybrids were used in the experiment. One was genetically modified maize from Syngenta (N4640Bt, transformation event Bt11; referred to as 'Bt') containing a truncated, synthetic version of a gene from Bacillus thuringiensis subsp.
kurstaki Berliner coding for the expression of the insecticidal δ-endotoxin Cry1Ab. The control maize hybrid was the near isogenic line of the previously described one, which was not genetically modified (N4640; referred to as 'non-Bt'). The plants were cultivated in plastic pots in a plant-growth chamber at an average temperature of 23.3°C (20°C for 8 h in the dark and 25°C for 16 h in the light). Live leaves of plants in their reproductive stage, shortly before and after tasseling, were cut into approximately 8 cm pieces and plant material was dried at 40°C for 72 h for residue production. Using leaves instead of other tissues that are left on maize fields after harvest and using them in their reproductive stage rather than during senescence ensured that decomposer soil organisms were exposed to high levels of Cry1Ab. Leaves of maize plants from transformation event Bt11 are known to express higher Cry1Ab concentrations than any to other tissues that are left in the field after harvest (US Environmental Protection Agency 1997). Cry1Ab concentration in leaves during their reproductive stage was high (15.4± 4.3 μg/g dry weight for plants used in this experiment, Zwahlen et al. 2003a) and is likely to be higher than in senescent leaves (Fearing et al. 1997 ). This represents a conservative approach in the risk assessment of transgenic plants (Andow and Zwahlen 2006) : If our tests indicate that there might be significant risks, then these risks are likely to be smaller than indicated and further tests will be necessary. In contrast, if they indicate that the risks might be insignificant, it is unlikely that there are significant risks when Cry1Ab concentrations are lower.
Litterbags
Three different types of litterbags were used varying in mesh size, which is a widely used technique for physically excluding broad categories of soil organisms (e.g., House and Stinner 1987; Bradford et al. 2002) . Different taxa of soil organisms are frequently categorized as microorganisms, meso-and macrofauna (Scheffer and Schachtschabel 1989; Zettel 1999) , although smaller (e.g., immature stages) or larger individuals of a taxon can occasionally also belong to the respective neighboring category. According to Scheffer and Schachtschabel (1989) and Zettel (1999) , microorganisms have a size of 0.002 to 0.2 m and belong to the microflora (bacteria, actinomycetes fungi, algae) or microfauna (Protozoa, Rotatoria, Tardigrada). The mesofauna includes mainly Nematoda, Acari and Apterygota (mainly Collembola) with a size of 0.2 to 2 mm, whereas the macrofauna consists of taxa with a size of approximately 1 to 20 mm, such as Enchytraeidae, Lumbricidae, Mollusca, Araneae, Isopoda, Myriapoda, Coleoptera and Diptera.
Litterbags with the largest mesh size (5,000 μm, referred to as 'large mesh'), allowed the whole invertebrate soil fauna (microorganisms, meso-and macrofauna) to enter the litterbags. The medium-sized litterbags (125 μm, referred to as 'medium mesh'), mainly excluded the macrofauna, and litterbags with the smallest mesh size (20 μm, referred to as 'small mesh'), mainly allowed microorganisms and the very small microfauna to enter. Large and medium mesh size bags had a size of 20×20 cm 2 and were filled with 2 g of maize residues (≈25-35 leaf pieces). Small mesh size bags had a size of 10×10 cm 2 and were filled with 0.5 g of maize residues (≈8-10 leaf pieces). Mesh bags of all sizes were filled with either Bt or non-Bt maize, thus, resulting in three mesh bag pairs and a total of six treatments. Large mesh bags consisted of synthetic curtain cloth and all sides were sewn whereas medium and small mesh bags were made of nylon and seams were sealed with universal glue.
Experimental design
The experiment was carried out in a non-transgenic maize field near Bern, Switzerland, immediately following the harvest of silage maize and ploughing and sowing of winter barley in mid-October 1999. The soil in this field was a Cambisol loam (50% sand, 33% silt, 17% clay, pH 5.7).
The litterbags were buried vertically at a depth of 0 to 20 cm for the large and medium mesh size bags and 0 to 10 cm for the small mesh size bags at a total of 60 locations. In each location, one litterbag per treatment was buried (i.e., a total of six bags). The bags were assigned randomly in a hexagonal arrangement, with each mesh size pair (i.e., Bt and non-Bt of the same mesh size) having a randomly assigned Bt and non-Bt treatment located next to each other (i.e., mesh bag pairs were randomly located besides each other and Bt and non-Bt treatment of each mesh size were randomly located besides each other; Fig. 1 ). Ten such sample locations were evenly spread along one row of 9 m in length; thus, the distance between two neighboring locations was 1 m. This was repeated six times, resulting in six field rows within an area of 9×5 m 2 and a total of 360 litterbags (i.e., 2 hybrids×3 mesh types×10 locations per row×6 rows).
In monthly intervals from mid-November to midJune, the litterbags from seven to eight locations were completely randomly sampled across all 60 locations and brought back to the laboratory. Litterbags from one location per sample date were used for the quantification of the Cry1Ab concentration in the remaining leaves using enzyme-linked immunosorbent assay (ELISA) and for the determination of the insecticidal activity of the Cry1Ab. The results of this part of the study are published elsewhere (Zwahlen et al. 2003a ) and will only briefly be discussed in this paper. The remaining six to seven litterbags were used for the analyses as described below.
Soil organisms (H1)
Only soil organisms from litterbags with the largest mesh size were recorded. Litterbags were put into a MacFadyen-Extractor (MacFadyen 1961 (MacFadyen , 1962 for 7 days to extract the soil organisms. They were caught in vials filled with isopropanol. After the extraction procedure, the isopropanol in the vials was exchanged At each of the 60 field locations, this hexagonal arrangement of the six litterbags was randomly assigned, with each mesh size pair (i.e., Bt and non-Bt of the same mesh size) having a randomly assigned Bt and non-Bt treatment located next to each other. Given are mesh size, hybrid and side length of litterbags with 70% (v/v) ethanol. The animals were identified on order, suborder, cohors, or family level after Zettel (1999) . The MacFadyen-Extractor allows efficient and thorough sampling of some microarthropod groups, such as Collembola and some groups of Acari (MacFadyen 1961), whereas for other taxa, such as Nematoda and Enchytraeidae, other extraction methods would have been more efficient. Although the number of soil organisms extracted does not always represent population abundance in litterbags, this method allowed us to compare the numbers of particular soil invertebrates from Bt and non-Bt maize residues.
Data analysis To test the hypothesis (H1) that fewer individuals are collected from Cry1Ab Bt maize than non-Bt maize residue, numbers of individuals from the same taxon were compared using the Generalized Linear Mixed model (GLMM) with Poisson distribution using PROC GLIMMIX (SAS 9.1., SAS Institute Inc. 2004 , 2006 . The model accounted for overdispersion with a quasi-likelihood model, which estimates the dispersion parameter from the data rather than restrict it to the value defined by a Poisson distribution, using the term random_residual in SAS (SAS 9.1., SAS Institute Inc. 2004 , 2006 . This corresponds to a negative binomial distribution. Date, hybrid, and location were independent variables, whereas date and hybrid were fixed factors and location nested within date a random factor. The number of individuals extracted was the dependent variable. Differences were analyzed using LSMEANS with Bonferroni adjustment for the p-values (SAS 9.1.). To see whether there were differences in the number of individuals extracted of each taxon at specific dates of the experiment, data for each date were then analyzed separately using the same GLMM procedure as described above. Analyses were only carried out with soil organism groups that had more than 200 individuals per taxon and maize hybrid, which were the collembolan families Isotomidae, Tullbergiidae and Entomobryidae, the mites Gamasina and Oribatida, and the annelids of the family Enchytraeidae.
Maize residue decomposition (H2)
Dry weight Residue from large and medium mesh bags were placed in a plastic container and thoroughly washed with water to remove soil particles, root and other non-maize particles. A fine mesh sieve and forceps were used during the procedure to prevent the loss of plant material. This washing process was not necessary for maize residue from 20 μm mesh bags since the small mesh size prevented residue in the bags to be contaminated with such particles. All samples were dried at 40°C for 7 days and the dry weight was recorded. The proportion of residue remaining was then calculated as the difference in dry weight between the initial dry weight of the sample and the recorded dry weight.
Data analysis To test the hypothesis (H2) that Cry1Ab Bt maize decomposes at a slower rate than non-Bt maize, the proportions of residue remaining were compared using ANOVA (PROC MIXED, SAS 9.1.). Date, hybrid, mesh size, date*mesh size, date*hybrid, mesh*hybrid interactions, and location were independent variables, whereas date, hybrid, and mesh size were fixed factors and location nested within date a random factor. The dry weight was the dependent variable. Differences were analyzed using LSMEANS with Tukey-Kramer adjustments for the p-values (SAS 9.1.). To analyze whether there were differences in the decomposition among litterbags with the same mesh size, data for each mesh size type were then analyzed separately using the same ANOVA procedure as described above. The same analysis was also carried out to find out whether there were differences in the decomposition of Bt and nonBt maize residue at specific dates in litterbags with the same mesh size by analyzing the data separately for each date.
Results
Soil organisms
In total, 6,396 and 7,337 individuals belonging to 32 taxa and 36 taxa were extracted from Bt and non-Bt maize litter, respectively (Table 1) . Although some taxa were only found in one of the treatments, the number of individuals belonging to these taxa was low with one to five individuals per taxon. In both treatments, more than 50% of all individuals extracted were collembolans and more than 30% of all individuals were mites. The majority of the individuals extracted, approximately one third (Bt: 34.9%; non-Bt: 31.6%) of all individuals, belonged to the collembolan family Isotomidae (Table 1 ). The second most frequently extracted taxon was gamasid mites accounting for 21.3 and 22.3% of all individuals extracted in the Bt and non-Bt treatment, respectively. The number of Enchytraeidae (Annelida) and Tullbergiidae (Collembola) extracted was between 10.7 and 13.5% of all individuals. Further taxa accounting for more than 1% of all individuals extracted (i.e., more than 63 and 73 individuals in the Bt and non-Bt treatment, respectively), were the mites Oribatida and Prostigmata, the collembolan families Entomobryidae and Neelidae (Collembola), and Nematoda. Some of these groups, such as nematodes, are likely to have been largely underestimated due to the extraction method used. It has been found that nematodes often account for more than a third of the biomass of the smaller invertebrate fauna (de Ruiter et al. 1995) , which include mites, Collembola, and Enchytraeids.
Isotomidae There was a significant overall date effect but no hybrid effect ( Table 2 ). The date effect was probably due to a tendency towards a lower number of isotomids during fall and winter than during spring (Fig. 2a) . When sample dates were analyzed separately for hybrid effects, we did not observe any statistical differences between Bt and non-Bt.
Tullbergiidae There was no significant date effect, but there was a significant hybrid effect (Table 2) with less individuals being found in Bt than non-Bt litterbags (LSMEANS: Bonferroni-adjusted P= 0.0033). The same hybrid effect was found in December, when significantly fewer individuals were found in the Bt than the non-Bt treatment (df=1,6; F= 8.01; P=0.0299; Fig. 2b ). This was not the case for any of the other dates. Entomobryidae There was a significant date effect but no significant overall hybrid effect (Table 2) . No significant differences between Bt and non-Bt treatment were found for single dates except for January, when significantly more individuals were extracted from Bt than non-Bt litterbags (df=1,6; F=6.38; P= 0.0450; Fig. 2c ).
Gamasina There was a significant date effect, which was probably due to a higher number of mites found during winter than spring (Table 2 , Fig. 2f ). The majority of Gamasina are predators feeding on nematodes, collembolans, mites, and insect larvae (Koehler 1999) , which might explain the increase of other taxonomic groups investigated in spring, such as Isotomidae and Oribatida. We also found a significant hybrid effect (Table 2 ) with more individuals extracted from non-Bt than Bt maize residue (LSMEANS: Bonferroni-adjusted P=0.0368). However, no significant differences between Bt and non-Bt treatment were observed for individual sample dates (Fig. 2d) .
Oribatida There was a significant date effect, but no hybrid effect (Table 2 ). The mean number of oribatid mites was low during fall and winter, but increased continuously in both treatments during spring until reaching a maximum at the end of the experiment Tullbergiidae (Collembola), c Entomobryidae (Collembola), d Gamasina (Acarina), e Oribatida (Acarina), and f Enchytraeidae (Oligochaeta). Columns with asterisks represent statistically significant differences at P=0.05 (Fig. 2e) . Our analysis of the number of oribatid mites at single dates showed no statistical differences.
Enchytraeidae There was no significant date effect, but a significant hybrid effect (Table 2) with fewer individuals in the Bt than the non-Bt maize residue (LSMEANS: Bonferroni-adjusted P=0.00029). The same hybrid effect with fewer individuals in the Bt than non-Bt treatment was also found in March and April (March: df=1,5; F=9.13; P=0.0294; April: df= 1,5; F=6.74; P=0.0485; Fig. 2f ).
Decomposition of maize residue
The analysis of all mesh sizes together showed significant date, mesh, hybrid, and date*mesh interaction effects, but no date*hybrid and mesh*hybrid effects (Table 3 ). The hybrid effect was due to a significantly lower proportion of Bt maize residue remaining than non-Bt maize residue (LSMEANS: Tukey-Kramer-adjusted P<0.0001). Further analyses of separate mesh sizes revealed this effect was mainly due to the significantly faster decomposition of Bt than non-Bt maize in small and medium mesh bags, but not in larger mesh bags, to which all soil animals had access (see below).
Large mesh size There was a significant date effect, but no hybrid effect. Both hybrids decomposed similarly over time (Table 3) . When dates were analyzed separately for a hybrid effect, there were no differences found between the proportion of residue remaining in Bt and non-Bt maize litterbags (Fig. 3a) .
Medium mesh size There were significant date and hybrid effects (Table 3) . Bt maize decomposed significantly faster than non-Bt maize (LSMEANS: TukeyKramer-adjusted P=0.0039; Fig. 3b ). When dates were analyzed separately, there was less Bt maize left than non-Bt maize in November (df=1,3; F=10.57; P= 0.0474), but after that, the decomposition of these two hybrids was similar (Fig. 3b) .
Small mesh size bags There were significant date, hybrid and date*hybrid interaction effects (Table 3) . When dates were analyzed separately, there was significantly less Bt maize than non-Bt maize remaining in January (df=1,6; F=9.91; P=0.0198) and February (df=1,6; F=7.12; P=0.0371), but not on any of the other dates (Fig. 3c ). Fig. 4) . From December through May, the amount of residue remaining was always significantly lower in large than in medium and small mesh bags. In June, the amount of residue remaining in large mesh bags was still lower than in small mesh bags but not than in the medium mesh bags. In December, there was significantly more maize residue left in the medium mesh bags than in small mesh bags. During the following three winter months, from January through March, there were no significant differences in residue remaining between the medium and small mesh size. After that, there was always a significantly smaller amount of residue remaining in medium than in small mesh bags.
Mesh size effects
Discussion
Our field study showed a similar decomposition of Bt and non-Bt residues in large mesh bags. Experiments with large mesh bags represent most accurately what happens in a natural field situation as they allow the whole soil invertebrate community to enter the litterbags and interact with each other. Our results are also in agreement with Lachnicht et al. (2004) who found that Bt and non-Bt cotton decomposed similarly in the field. In contrast, we found that Bt maize decomposed faster than non-Bt maize in medium mesh bags, although when comparing single dates this was significant only for November. Similarly, in small mesh bags we found a significantly faster decomposition of Bt than non-Bt maize in January and February. At the end of the experiment, however, the amount of residue left was similar for Bt and nonBt in all mesh types. Thus, differences in decomposition were rather subtle and not consistent over time. Possible explanations for the temporal differences in the decomposition of Bt and non-Bt maize could be attributed to unanticipated changes in the plant compounds, the effects of the Bt protein and/or its metabolites, or both. Unanticipated changes could affect litter quality and, hence, residue decomposition (Raubuch et al. 2007 ). For instance, the rate of decomposition is often inversely related to the C:N and lignin:N ratios (Melillo et al. 1982; Taylor et al. 1989; Heal et al. 1997; Poerschmann et al. 2005) . Flores et al. (2005) found a slower decomposition (measured as CO 2 evolution) of Bt maize relative to non-Bt maize in their laboratory study and suggested Proportion residue remaining Fig. 4 Comparison of proportion maize residue remaining (±SE) in large (black triangles), (5,000 μm) medium (white rectangles; 125 μm), and small (black diamonds; 20 μm) mesh size bags. Different letters represent statistically significant differences at P=0.005 at the same sample date. Differences in November were not statistically significant that this might have been due to the higher relative lignin content found in all of their Bt hybrids tested versus the non-Bt maize hybrids tested (Saxena and Stotzky 2001c) . These experiments (Saxena and Stotzky 2001c; Flores et al. 2005) included the same two Bt hybrids as used in this experiment. Since we did not measure lignin contents in our samples, we do not know whether they differed from the ones measured by Saxena and Stotzky (2001c) . This consistent trend of higher lignin contents in Bt versus non-Bt maize hybrids was found in several, but not all, studies (Masoero et al. 1999; Jung and Scheaffer 2004; Mungai et al. 2005; Poerschmann et al. 2005) . Interestingly, Wandeler et al. (2002) , who analyzed senescent maize of the same hybrids we used, which were even grown in the same climate chamber as the ones used in this experiment, did not find any significant differences between the nitrogen content of Bt and non-Bt maize. Similar results were found in a recent study where the C:N and nitrogen content of 9 week old plants of the same hybrids as used in our experiment were also not significantly different (Griffiths et al. 2007 ). Several authors suggest that if some microbial communities have the potential to degrade the Cry1Ab, this extra protein in the environment might cause their proliferation, leading to a faster decomposition of Bt versus non-Bt maize (Blackwood and Buyer 2004; Baumgarte and Tebbe 2005) . In this study, there were instances where decomposition of Bt maize was significantly faster in the small mesh bags, which were only accessible to microorganisms and soil microfauna. On these dates, approximately 20% of the Cry1Ab was still present in the plant matrix (results published in Zwahlen et al. 2003a) . If the amount of protein in the Bt residue is higher due to the presence of Cry1Ab, a concomitant increase in microbial populations on Bt residue might explain the temporarily faster decomposition of Bt maize found in this study. However, such a positive effect has not been found in several studies that have investigated the effects of Cry1Ab plants or purified Cry1Ab on microorganisms, (Donegan et al. 1995; Saxena and Stotzky 2001a; Blackwood and Buyer 2004; Baumgarte and Tebbe 2005; Griffiths et al. 2005) . In contrast, results of Raubuch et al. (2007) on the microbial properties of soil amended with a Bt maize hybrid expressing relatively high levels of Cry1Ab indicated a significantly reduced microbial community compared to its control. This hybrid, which had the highest initial C:N ratio and Cry1ab concentration compared to the other hybrids tested, also showed the slowest overall decomposition measured as CO 2 evolution. Even if Cry1Ab was capable of causing the proliferation of microbial decomposers in their study, it seems other properties had a stronger influence on decomposition than the Cry1Ab concentration.
Since decomposition of Bt maize in small and medium mesh bags was at least temporarily significantly faster than of non-Bt maize, one would have expected the same effect in large mesh bags. However, this was not the case. One explanation may be that variance increased with increasing mesh size making it difficult to detect differences between the decomposition of Bt and non-Bt maize residues in large mesh bags. Another possible explanation for this may lie in our result showing that some macro-and mesofauna were found in lower numbers in Bt residue than non-Bt residue. If this decrease resulted in a lower contribution to overall decomposition, it might account for the net similarity of decomposition in large mesh bags. For instance, significantly less Enchytraeidae were extracted from Bt than non-Bt residue. Enchytraeidae have been found to account for a high biomass in agricultural soils (de Ruiter et al. 1995) and are known to positively influence decomposition processes and soil structure (Didden 1993; Laakso and Setälä 1999) . Since their biomass is rather large compared to the other microinvertebrates that were extracted in high numbers in this study it is conceivable that the Enchytraeidae might have contributed to such an effect.
Besides the Enchytraeidae, the Tullbergiidae and Gamasina also showed higher overall numbers in non-Bt maize than Bt maize, while several related taxa, such as oribatid mites, isotomid and entomobryid collembolans showed similar numbers in both maize hybrids. In total, when analyzing individual dates for each taxon, differences between the Bt and non-Bt treatment were significant in four cases. In three of these cases, there were less individuals (Tullbergiidae and Enchytraeidae) in Bt than non-Bt litterbags. These three cases all occurred when Cry1Ab protein concentration was still between 0.9 and 3 μg/g Bt maize dry weight (Zwahlen et al. 2003a) , thus exposure of soil organisms to Cry1Ab was possible. At the end of the experiment, when little Cry1Ab was left and the amount of Bt residue left was low, the number of individuals extracted was not significantly different between Bt and non-Bt residues in any of the taxa investigated.
Whether such relatively subtle effects might lead to significant changes in the soil food web needs further investigation, particularly if Bt crops are grown repeatedly on a large scale, as is true for large parts of the US Corn Belt. Most studies to date on the effects of purified or transgenic Cry1Ab expressed in cotton or maize on mites (Oribatida: Oppia nitens Koch) or collembolans, such as Isotomidae (Folsomia candida Willem), Hypogasturidae (Xenylla grisea Axelson), and Onychiuridae (Protaphorura armata Tullberg), addressed the acute hazard of Bt crops. Most of these studies did not find any negative effects on the organisms studied (Sims and Martin 1997 , Yu et al. 1997 Heckmann et al. 2006) , although one study showed a lower survival of F. candida when fed with high concentrations of Cry1Ab-containing lyophilized Bt maize tissue (US Environmental Protection Agency 2001). A long-term field study on the abundance of collembolans in Bt maize expressing the Cry3Bb1 indicated no effect of this Bt maize on collembolan diversity (Bitzer et al. 2005 ). In our long-term study, individuals of the same taxa as tested in the acute toxicity tests previously mentioned (Oribatida and Isotomidae) did not show any Bt effect. To our knowledge, no study has yet investigated the impact of Cry1Ab Bt maize on species of taxonomic groups that were extracted in lower numbers in Bt than non-Bt maize residue in our experiment. Further studies with these species of these taxa will be necessary to draw any further conclusions.
The question how macro-and mesofauna contribute to the decomposition of plant residue has been addressed in many publications, and it has been suggested that their influence on decomposition is mostly indirect (e.g., Hendrix et al. 1986; VreekenBuijs and Brussaard 1996; Hedlund and Öhrn 2000; Bradford et al. 2002) . Although litterbag techniques have been used to find an answer to this question, it has also been criticized due to many reasons thoroughly discussed elsewhere (Bradford et al. 2002) . In our experiment, we found that significantly less maize residue was left in litterbags with a larger mesh size than the smallest mesh size, possibly indicating that the meso-and macrofauna substantially contributed to the decomposition process. Although comparisons between small and the two larger mesh bags used in our study are constrained by the facts that small mesh bags were buried in a different depth and contained less residue than the two larger mesh size bags, research by Bradford et al. (2002) showed that increasing the mesh size had a positive effect on decomposition even after accounting for mesh size effects.
Our study investigated whether Bt maize residue itself can directly affect residue decomposition processes. We have found that Bt maize residues temporarily decomposed faster than non-Bt maize when the majority of soil macroorganisms were excluded, but when the whole soil organism community was allowed to access the residues and interact with each other, the decomposition of Bt and non-Bt residue was similar. Since the meso-and macrofauna seem to substantially contribute to the decomposition process of the residue, it is crucial to include them in studies on the decomposition of transgenic plant residue. Our results also show clearly that it is important to carry out decomposition studies on different levels of the soil organism community to differentiate effects on various soil organism groups. As we show in our study, effects that were found when excluding larger soil invertebrates were masked or nonexistent when the whole soil invertebrate community had access to the residue. Since the effects in medium and small mesh bags were relatively small and did not persist to the end of the experiments, it is likely that the ecological significance of these effects is of minor importance.
